The preservation of protein structure and function aqueous systems. Also, it has been suggested that re-during freeze-drying (lyophilization) requires protectention of quaternary structure may play a role in the tion against both freezing and drying stresses (1 -3). have focused on the ability of solutes (mainly disacwe reasoned that polymers could protect multimeric charides) to stabilize proteins during the terminal proteins during freeze-drying by stabilizing quaterstages of dehydration. These studies have concluded nary structure in the frozen state. Our results are conthat protection in the dried state requires both forsistent with this hypothesis and demonstrate that bovine serum albumin and polyvinylpyrrolidone stabi-mation of a stabilizer amorphous phase containing lize lactate dehydrogenase by inhibiting dissociation the protein and hydrogen bonding of the solute to the in the frozen solution, during the initial phase of the protein (2, 4 -6). However, Hellman et al. (7) have sublimation step of lyophilization. Dissociation at this reported that polymers (e.g., polyvinylpyrrolidone, critical step correlated directly with decreased recov-PVP), which should be sterically hindered from hyery of enzyme activity after rehydration. The damage drogen bonding to dried proteins, can protect to the protein, under conditions where dissociation multimeric enzymes during freeze-drying and rehywas studied, was due to a large decrease in pH in the dration. This observation suggests that polymers profrozen state (e.g., from pH 7.5 to 4.5), which was attenu-tect during freeze-drying by an alternative mechaated by protective levels of polymers. Thus, inhibition nism (i.e., nonhydrogen bonding). Polymers are also of freezing-induced pH shifts, in addition to stabiliza-known to provide protection to multimeric enzymes tion by the preferential exclusion mechanism, plays during freezing (8). We reasoned that polymers stabian important role in the protection conferred by poly-lize multimeric enzymes by inhibiting dissociation in mers. Furthermore, high concentrations of these poly-the frozen state during lyophilization, which inmers were capable of maintaining quaternary struc-creases protein resistance to the subsequent dehyture during subsequent drying and rehydration. We dration stress. The goal of our study was to investisuggest that the proximate cause for increased recovgate this hypothesis and elucidate the mechanism by ery of active, native protein after lyophilization is that which polymers stabilize multimeric enzymes during the holoenzyme is more resistant to the stresses of dryfreeze-drying.
formation, solute concentration, and eutectic crystalli-sible for greater LDH stability in the frozen solution.
We propose that the maintenance of native tetramers zation. If the latter process involves buffer salts, large changes in pH may arise in the frozen state (10) (11) (12) . in the frozen state, during the initial phase of the primary drying step of lyophilization, increases LDH staAlthough preservation must include protection against each of these stresses, damage is ultimately manifested bility and results in greater enzyme recovery after subsequent drying/rehydration. as protein unfolding. Therefore, additives that inhibit unfolding stabilize proteins during freezing (13). This stabilization has been attributed to the preferential ex-
MATERIALS AND METHODS
clusion of the solute from the protein's surface, which
Enzyme preparation and activity assay. Ammonium sulfate preis the mechanism shown by Timasheff to account for cipitated LDH from rabbit muscle (Type V-S) and porcine heart (Type protein stability in nonfrozen aqueous solution (14-XVIII) were purchased from Sigma Chemical Co. (St. Louis, MO) 16). Briefly, this mechanism states that preferential and dialyzed against 10 mM KPO 4 (pH 7.5) at 4ЊC for at least 3 h exclusion increases the protein chemical potential. The before use. LDH activity assays were conducted on triplicate aliquots surface area for exclusion, and hence the magnitude of for each enzyme sample in buffer consisting of 25 mM Tris-HCl, pH 7.5, and 100 mM KCl. Substrate concentrations in the assay cuvette the increase in chemical potential, is greater for the were 2 mM pyruvate and 0.15 mM NADH. Enzyme activity was calcudenatured than the native state. Therefore, the free lated by monitoring the decrease in absorbance at 340 nm due to the energy of denaturation is increased and the native conversion of NADH to NAD at 25ЊC. PVP (MW Å 40,000), BSA state is stabilized.
(initial fractionation by cold alcohol precipitation, essentially fatty
In solutions of multimeric proteins, preferentially ex-acid free), and all other chemicals were acquired from Sigma. cluded solutes have the additional effect of promoting in the multimeric state. Solute-induced maintenance enzyme activity after freeze-thawing was determined for individual of quaternary structure is thought to contribute to the samples by assaying each sample before and after submersion in observed protection of hydrated multimeric proteins liquid nitrogen and thawing in air at 22ЊC. Test tubes containing samples subjected to lyophilization were placed in a polypropylene against thermal denaturation (18-21) and freezerack and plunged directly into liquid nitrogen. After incubation in thawing damage (22, 23) . In addition, Hellman et al.
liquid nitrogen for 1-2 min, the rack of samples was placed under (1983) documented a correlation between increased vacuum in a Labconco Freeze Dryer (model 4.5). Pressure in the subunit association and the recovery of asparaginase sample chamber decreased steadily to below 10 millitorr within 2 activity after freeze-drying and rehydration in solu-min. Samples under vacuum warmed gradually from liquid nitrogen temperatures (0196ЊC) to approximately 020ЊC. Cooling due to the tions of PVP. This finding suggests that the solutesublimation of ice maintained sample temperatures at approxiinduced maintenance of quaternary structure also con-mately 020ЊC during primary drying. After primary drying was comtributes to protein stability during lyophilization. Since pleted, samples warmed gradually to room temperature and repreferential exclusion cannot occur in the dried state, mained under vacuum overnight before being rehydrated with distilled water and assayed for activity. Care was taken to ensure that any effects of this thermodynamic mechanism on quaall solutes were dissolved before enzyme activity was determined.
ternary structure must be exerted in the frozen soluThe activity recovered is reported as the percentage of the initial tion, prior to dehydration. activity measured in a given sample, prior to freeze-drying.
Our study documents the ability of PVP and bovine
Enzyme dissociation experiments. Rabbit muscle and porcine serum albumin (BSA) to protect lactate dehydrogenase heart LDH are able to form hybrid tetramers if the native homotetra-(LDH) during freeze-thawing and lyophilization. To in-mers dissociate and reassemble, a process that has been shown to occur during freeze-thawing (24) . Therefore, hybridization can be vestigate the role of maintenance of quaternary strucused as a sensitive indicator of enzyme dissociation. Our experiments ture in stabilization by these polymers, we employed indicated that hybridization did not occur if frozen samples (40 ml) two electrophoretically distinct isoforms of LDH ac-were thawed by rapid warming in a 25ЊC water bath (Table II) . cording to the method of Markert (1963) . Our data de-These findings are consistent with those of Chilson et al. (22, 23) pict a strong correlation between dissociation in the and required that our freeze-thawing experiments (Tables I, III) incorporate thawing by slow warming in room temperature air.
frozen state and decreased enzyme activity after lyophThe reassociation of subunits into tetramers requires that the enilization. We also found that, under the conditions emzyme concentration in solution be high enough to allow sufficient ployed for dissociation experiments (i.e., relatively high probability of subunit interaction (25) . LDH preparations at these enzyme concentration, 10 mM KPO 4 , 100 mM NaCl), a concentrations ( §0.5 mg/ml) are very stable and resist dissociation. large decrease in pH (e.g., from 7.5 to 4.5) could arise As a result, previous investigations have employed NaCl to destabilize tetramers during freeze-thawing (22) (23) (24) 26) . In preliminary in the frozen solution. Inhibition of enzyme dissociation experiments we found that 0.5 mg total LDH/ml (0.25 mg/ml of each by polymers correlated directly with inhibition of this isozyme) combined with 0.1 M NaCl and 10 mM KPO 4 (pH 7.5) was pH change. Thus, polymer-induced attenuation of this optimal for our purposes; these conditions were used in all hybridizaspecific stress, as well as a general increase in protein tion experiments unless otherwise noted. It is important to note that LDH monomers and dimers are not catalytically active (25) . stability due to preferential solute exclusion, is respon- 
Protection of LDH during freeze-thawing and lyophilization.
Increasing concentrations of LDH were progressively more resistant to freeze-thawing and lyophiGel electrophoresis was used to determine hybridization. Before lization/rehydration (Fig. 2) . Such protection can be being loaded onto a native 7% polyacrylamide gel, samples were diluted (20% of sample volume) with 50% glycerol. The reservoir achieved at lower LDH concentrations by employing buffer contained 25 mM Tris-HCl (pH 8.3) and 192 mM glycine. After BSA as a stabilizer (Fig. 3) . Consistent with the trend 4 h of constant current (35 mA) at 4ЊC, gels were incubated in activity seen in Fig. 2 , protection during both stresses increased stain (0.11 M sodium lactate, 1.1 mg/ml NAD, 0.011 M NaCl, 0.54 mM progressively with BSA concentration. While the recovMgCl 2 , 0.27 mg/ml nitro blue tetrazolium, 0.027 mg/ml phenazine ery of LDH activity after each treatment was initially methosulfate, and 0.14 M Tris-HCl, pH 7.4) in the dark for approximately 20 min at room temperature. Under our study conditions, similar, BSA concentrations greater than 0.005% prohybridization was usually an all-or-none phenomenon and typical tected more effectively during freeze-thawing as comgel staining patterns are shown in Fig. 1 . However, certain solute pared to lyophilization (Fig. 3) .
conditions resulted in degrees of hybridization that were less than complete. Since activity-stained gels are difficult to quantify accurately due to diffuse staining, only solute concentrations that resulted in either no dissociation (Fig. 1, lane 3) or complete hybridization (levels comparable to those seen after freeze-thawing in the absence of solute, Fig. 1, lane 6 ) are reported.
Determination of pH in frozen samples. Sample temperatures were monitored using a Model HH23 thermometer (Omega Engineering, Stamford, CT) connected to a K-type wire thermocouple, which was attached directly to the pH electrode. Alterations in pH were measured according to previously described methods (12, 27) and employed a Friscolyte ''B'' electrode (LoT401-60-S7/120, MettlerToledo, Wilmington, MA). This technique allowed us to quantify accurately pH under conditions that simulate the primary drying step of our lyophilization process (i.e., 020ЊC). The electrode was immersed directly in samples (3 ml, no enzyme) that were then frozen in a circulating water/ethylene glycol bath. All samples exhibited a freezing exotherm, and pH was monitored for 30 min after samples had reached thermal equilibrium (temperatures were maintained between 019ЊC and 021ЊC for 30 min). Rapid rates of acidification were observed immediately after ice formation, and pH values typi -FIG. 3 . Effect of BSA on the recovery of LDH activity after freezethawing and lyophilization. Samples were frozen at an enzyme concally stabilized after sample temperatures were maintained at 020ЊC for 15 min. The inability of 1 mg/ml BSA to alleviate acidification centration of 25 mg/ml as described under Materials and Methods. Each symbol and error bar represent the mean { one standard error indicates that low levels of protein (e.g., 0.5 mg/ml LDH) do not affect this process (Table II) . Experiments demonstrated that pH for three separate enzyme samples.
Correlation of dissociation with recovery of activity. To investigate the role of quaternary structure in the stabilization observed above, experiments were conducted under conditions that allowed us to monitor LDH dissociation (see Materials and Methods). As seen in Table I , decreased recovery of LDH activity after freeze-thawing was strongly, positively correlated with enzyme dissociation. In every case where hybrids were formed during this stress, less than 80% of LDH activity was recovered. In contrast, greater than 98% of LDH activity was recovered in each case where enzyme dissociation was not observed during freeze-thawing. This finding conflicts with an earlier study stating that BSA does not inhibit hybridization during this stress  FIG. 4 . Effect of PVP on the recovery of LDH activity after freeze-(22). However, the authors of the previous work did not thawing and lyophilization. Each symbol and error bar represent the report the BSA concentration used in their study, and mean { one standard error for three separate enzyme samples. therefore the discrepancy may be explained by our use of higher BSA concentrations.
Lower activity was recovered after freeze-drying PVP also served as an effective protectant of LDH and rehydration (Table I) . However, a similar correduring both freeze-thawing and lyophilization (Fig. 4) . lation of the recovery of LDH activity with enzyme In contrast to BSA, maximum protection by PVP was dissociation was observed during lyophilization (Taachieved at concentrations of 0.01%, with no additional ble I). In addition, low concentrations of additive ineffect afforded by higher PVP levels (Fig. 4) . However, creased the recovery of LDH activity despite their stabilization by a given percentage solution of PVP un-inability to prevent enzyme dissociation (Table I) . der either stress was significantly greater than that This observation suggests that these solutes offer seen in an equivalent percentage solution of BSA (com-some level of protection to dissociated LDH subunits. pare Figs. 3 and 4) . On a molar basis, PVP (MW Å Similar to that seen during freeze-thawing, higher 40,000) is only slightly more efficient than BSA (MW concentrations (i.e., 10%) that prevented dissociation Å 66,267) or LDH (MW of tetramer Å 142,000; Fig. 5 ). resulted in the greatest recovery of LDH activity Using this method of comparison, BSA and LDH afford upon rehydration (Table I) . equivalent protection during freeze-thawing (Fig. 5A) ,
The results in Table II demonstrate that samples whereas BSA offers greater stabilization during lyophi-thawed by rapid warming did not dissociate or lose enzyme activity. We conclude from these data that lization (Fig. 5B) . freezing per se causes little, if any, damage to LDH der our conditions). This high subzero stress could be simulated by transferring frozen samples from liquid under the conditions used in our hybridization experiments. Therefore, the damage observed during lyophi-nitrogen to 020ЊC and incubating for 30 min (Table  II) . We point out that, immediately after the 30-min lization must be incurred after freezing in liquid nitrogen, i.e., during exposure to higher subzero tempera-incubation, these samples were thawed by rapid warming in a 25ЊC water bath. Therefore, the observed dissotures in the frozen solution and/or drying/rehydration.
Additional experiments were conducted to identify ciation and loss of activity must have occurred during exposure to 020ЊC and not during thawing. Protection the postfreezing step(s) of lyophilization during which damage was incurred. These experiments revealed that against this high subzero stress correlated directly with increased recovery after complete lyophilization/ dissociation and a reduction in enzyme activity were clearly evident within the initial 30 min of placing the rehydration (compare Tables I and II) .
As mentioned under Materials and Methods, our hyfrozen solution in the lyophilizer, prior to a measurable loss of volume via the sublimation of ice (Table II) . bridization experiments utilized NaCl to offset the stabilizing effect of the high enzyme concentrations More specifically, damage occurred while frozen samples warmed from liquid nitrogen (0196ЊC) to the tem-needed to monitor dissociation. Although this salt is thought to destabilize LDH via a chaotropic mechanism perature of primary drying (approximately 020ЊC un- (13), the combination of 100 mM NaCl with 10 mM structure of multimeric proteins in aqueous solution KPO 4 also permits the formation of Na 2 HPO 4 , a salt (14, 15, 17). Our results are consistent with this obserthat can precipitate at low temperatures (10, 22, 23 , vation and demonstrate the ability of polymers to pre-28). Therefore, Na 2 HPO 4 precipitation and the re-vent LDH dissociation during both freeze-thawing and sulting acidification may contribute to the destabilizing the initial stages of the primary drying step of lyophilieffect of NaCl (28) (29) (30) . Considering the pH-sensitivity zation (Table II) . The direct correlation between dissoof LDH assembly (31) (32) (33) (34) , dissociation could result di-ciation at this step and activity loss after rehydration rectly from acidification. Our measurements are consis-indicates that maintenance of the tetramer in the frotent with this suggestion and demonstrated that pH zen state during primary drying is critical for maxidropped to a low value of 4.3 while frozen samples were mum enzyme recovery after lyophilization/rehydration. incubated at 020ЊC for 30 min. This dramatic acidifiOur data suggest that the dissociation observed durcation correlated directly with dissociation and was not ing primary drying results from acidification due to observed at high solute concentrations (Table II) . In Na 2 HPO 4 precipitation. This effect likely contributed samples lacking sodium or phosphate, acidification and to the findings of Hellman et al. who employed sodium LDH dissociation did not occur (Table III) . These data phosphate buffer in their freeze-drying experiments provide additional evidence implicating Na 2 HPO 4 pre-(7). The protection observed at high polymer concentracipitation in the severe depression of pH and the resul-tions appears to derive, at least in part, from the ability tant dissociation (Table III) .
of these additives to prevent severe acidification (Table  II) . If this effect was due to increased buffering capac-DISCUSSION ity, we would expect to see a progressive alkalinization with increasing polymer concentration. Although this It has long been known that increasing the concentrend is seen with BSA, our results with PVP suggest tration of LDH enhances its stability during freezethat the maintenance of quaternary structure is not thawing and lyophilization/rehydration (22, 35; Fig. 2) .
simply due to the buffering capacity of the polymer. Protection can also be achieved in dilute solutions of Alternatively, the prevention of acidification may reenzyme by the addition of solutes that are preferensult from the ability of high concentrations of amortially excluded from the surface of proteins, e.g., BSA phous solute to inhibit the eutectic crystallization of and PVP (Figs. 3-5 ). Although this thermodynamic salts, including Na 2 HPO 4 (30, 36, 37) . This hypothesis mechanism can readily explain the stability of hyis consistent with that stated by Hellman et al., who drated proteins, preferential exclusion cannot occur in noted that the inhibition of dissociation correlated with the absence of water. Instead, stability in the dried a solute's ability to ''form stable supersaturated solustate has been attributed to hydrogen bonding between tions at temperatures below their eutectic points'' (7). the solute and protein (4-6). However, due to steric
We wish to point out that dissociation and loss of hindrance, the polymers used in this study cannot activity during lyophilization were not solely depenreadily form hydrogen bonds with dried LDH. Theredent upon acidification (Table III, Figs. 2-4 ). This indifore, the protection afforded during lyophilization/rehycates that the stress of dehydration/rehydration, in the dration must be due to an alternative mechanism.
absence of Na 2 HPO 4 precipitation, is sufficient to disIn addition to inhibiting unfolding, preferentially excluded solutes are known to promote the quaternary rupt quaternary structure and acutely damage LDH.
In these cases it seems reasonable to suggest that inhi-drying/rehydration. Thus, the maintenance of quaternary structure during each step of the lyophilization bition of dissociation by polymers in the frozen state could be due to the same preferential exclusion mecha-process should be a major consideration when attempting to develop stable formulations of multimeric nism that has been shown to account for such inhibition in nonfrozen, aqueous solution (14, 15, 17).
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which maintenance of quaternary structure in the frozen state imparts stability during subsequent dehydration. However, the inherent stability of multi-REFERENCES meric enzymes is known to be greater in assembled
